The purpose of this study was to determine the impact of age on regional aortic pulse wave velocity (aPWV).
A ging is an important determinant of cardiovascular risk and is associated with a number of changes in the structure and function of the cardiovascular system including the large arteries (1) . Although the aorta is often thought of as an inert conduit vessel, it plays a vital role in buffering and smoothing the pulsatile nature of blood flow as it travels to the periphery. With age, the aorta stiffens (2), dilates, and becomes tortuous (3), a process known as arteriosclerosis. Such changes lead to an increase in pulse pressure, which places an additional strain on the aorta and limits its buffering capacity. However, the vast majority of data concerning the impact of age on aortic stiffness come from noninvasive measurements of carotid-femoral pulse wave velocity (PWV). Although this is commonly referred to as aortic PWV (aPWV), this ignores the proximal ascending aortic segment. Because the majority of the buffering capacity of the arterial system resides in the proximal aorta, this omission may have important consequences in understanding the impact of age on the aorta. Moreover, given that the aorta changes considerably in structure over its length, identifying the region of the aorta that stiffens most with age may provide valuable insights into the underlying pathology and an anatomic focus for potential therapeutic intervention. Although agerelated differences in regional aortic stiffness have been reported previously, the results are contradictory, reflecting different methodologies and small sample sizes. Cine phase contrast magnetic resonance imaging (PC-MRI) provides a validated, noninvasive method for assessing PWV at any location and allows accurate determination of aortic length. Our aim was to determine the relationship between age and regional aPWV measured by PC-MRI, crosssectionally in a large cohort of healthy individuals and to compare PWV of the entire aorta with the more commonly measured carotid-femoral PWV. A priori, we hypothesized that the greatest agerelated difference in regional aortic stiffness would occur in the abdominal region because we previously described the greatest degree of calcium deposition in this area (4) .
M E T H O D S
Subjects. Subjects were recruited from the Cambridge arm of the Anglo-Cardiff Collaborative Trial, which explores the factors influencing arterial stiffness in a community-based investigation. Subjects were free of clinical cardiovascular disease and medication. Approval was obtained from the local research ethics committee, and written informed consent was obtained from all participants. Hemodynamics. Brachial blood pressure was measured in duplicate in the nondominant arm, according to the British Hypertension Society Guidelines using a validated oscillometric device (HEM-711A-E, Omron Corp., Matsusaka, Japan). Radial artery waveforms were recorded by applanation tonometry (SphygmoCor, AtCor Medical, Sydney, Australia) and a generalized transfer function applied to generate the corresponding central pressure waveform (5) . Carotid-femoral PWV was measured using the SphygmoCor (AtCor Medical) (PWVtonometry) device by sequentially recording electrocardiographic gated carotid and femoral artery waveforms as previously described (6) . Simultaneous to image acquisition, carotid-femoral PWV was determined using the Vicorder device (PWVcuff) by placing a 5-mm and a 10-mm cuff around the neck and right thigh, respectively. Cuffs were inflated to 60 mm Hg, and the carotid and femoral pressure waveforms were recorded by a volume displacement method (7) . Magnetic resonance imaging (MRI). Images were acquired using a 1.5-T MRI system (Signa HDx, GE Healthcare, Waukesha, Wisconsin). An 8-channel abdominal/pelvic coil was placed over the subject lying supine, and a blood pressure cuff was placed around the left arm for brachial artery pressure measurement. Three plane localizer images were obtained to identify the ascending and descending aorta through to the bifurcation. A multislice, electrocardiographically triggered, black blood fast spin echo sequence was acquired in an oblique sagittal orientation to demonstrate the full length of the aorta. An electrocardiographically gated, segmented k-space, cine phase contrast sequence (PC-MRI) was used with the following parameters: 30°fl ip angle, 5-mm slice thickness, 280 ϫ 280-mm field of view, 6.7 repetition time, 256 ϫ 256 matrix, 2 excitations, and 150 cm/s through-plane velocity encoding, with 1 view per segment. The duration of each sequence was approximately 5 min, with a total acquisition time of approximately 30 min. One hundred temporal phases were retrospectively reconstructed with a true temporal resolution of 2.0 ϫ 6.7 ms due to the interleaved positive and negative velocity encoding. 
Protocol. After 10 min of supine rest, blood pressure, radial pressure waveforms, and PWVtonometry were recorded. Subjects fasted for 4 h before measurements, and rested for 20 min before entering the MRI scanner. PC-MRI sequences were then performed perpendicular to the aorta at 5 aortic levels: the ascending aorta (L1), located 1 cm distal to the aortic valve; the descending aorta (L2), in line with L1; at the level of the diaphragm (L3); 3 cm above the level of the aortic bifurcation (L5), and midway between L3 and L5 (L4) (Fig. 1) . Regional PWV in the MRI (PWV-MRI) was determined in 4 aortic regions: the arch (R1), the thoracic-descending (R2), mid-descending (R3) and the abdominal (R4) aorta (Fig. 1) . Brachial blood pressure was measured in the MRI scanner immediately before each sequence, and PWV-cuff measurement was recorded during image acquisition. Data analysis. Power calculations were made assuming a 1 m/s SD in aPWV as per McEniery et al. (2) and 25 subjects per age group, with 6 age groups. This yielded a power of Ͼ95% to detect a difference of 0.5 m/s between any 2 groups. Again, assuming a 1 m/s SD in aPWV and 80 subjects per group, we had a power of 90% to detect a difference of 0.5 m/s between sexes. Data were analyzed offline using CV Flow software (Medis, Leiden, the Netherlands). Aortic contours were automatically detected in each slice location to obtain aortic flow-time curves and aortic areas through the cardiac cycle. Using the average flow, transit time between flow waves was measured at 10% of the pulse height. In the case of a failure of this method (ϳ5% of cases), an intersecting tangents algorithm was applied. Both algorithms have previously been proven reliable in detecting the foot of the pressure waveform (8) , and the accuracy was improved by the high sampling rate used compared to previous studies (9), which was up-sampled to 1 kHz by interpolation with custom software (version 2.6, Python Software Foundation, Wolfeboro Falls, New Hampshire). Aortic diameters were calculated from the aortic areas, and the maximum systolic diameter at each aortic level was used in the analysis. The distance between each aortic level was measured on the black blood images using a curved line along the center of the aorta. Regional differences in aortic stiffness with age were analyzed using a general linear model, adjusting for sex, heart rate, body mass index, high-density lipoprotein cholesterol, and mean arterial pressure. Regional differences in maximum systolic aortic diameter with age were analyzed using analysis of variance. Repeatability of PWV-MRI was assessed across 2 visits, in a subset of 25 subjects. PWV-MRI over the length of the whole aorta (i.e., from L1 to L5 [PWV-Total]) was compared with PWV-tonometry and PWV-cuff measurements as validation using paired Student t tests. Post-hoc analysis was carried out using the Bonferroni method. Values are reported as the mean Ϯ 1 SD.
R E S U L T S
Hemodynamic measurements were performed in 162 subjects. However, 5 subjects were unable to complete the scan due to claustrophobia. The overall subject characteristics of the 157 subjects with valid data are presented in Table 1 . The mean age was 49 Ϯ 17 years and ranged from 18 to 77 years. As expected, changes in PWV-tonometry and PWV-Total were significantly higher in older subjects, such that the age-PWV curves for both were best represented by a second-order polynomial (p Ͻ 0.001 for both) (Fig. 2) . The average regional PWV-MRI increased from R1 to R4 with mean There were no differences between sexes. Age-related variation in PWV. The relationship between regional PWV-MRI and age is shown in Figure 3 . The greatest difference in aPWV between young and old subjects was observed in the abdominal aorta (PWV-R4: ϩ0.9 m/s per decade, p Ͻ 0.001) followed by the thoracic-descending region (PWV-R2: ϩ0.7 m/s, p Ͻ 0.001) and the middescending region (PWV-R3: ϩ0.6 m/s, p Ͻ 0.001), and the least difference in the aortic arch (PWV-R1: ϩ0.4 m/s per decade, p Ͻ 0.001). Using R1 as a reference, post hoc analysis indicated a significant difference between regions (p Ͻ 0.001). This trend for a significantly greater increase in PWV with advancing age in the abdominal aorta (p ϭ 0.020) was also seen in the raw unadjusted data and when the analysis was restricted to those age 50 years and older. Age-related variation in aortic diameter. The average systolic diameters decreased moving distally (L1 to L5: 3.1 Ϯ 0.4 cm, 2.3 Ϯ 0.3 cm, 2.1 Ϯ 0.3 cm, 1.9 Ϯ 0.2 cm, and 1.7 Ϯ 0.2 cm, respectively). Average systolic aortic diameters were greater in male than female subjects at all levels (p Ͻ 0.01). Values for L1 to L5 were 3.2 Ϯ 0. Relationship between age and carotid-femoral pulse wave velocity (PWV) measured using the SphygmoCor device (AtCor Medical) (PWV-tonometry) (A) and age versus aortic PWV across the entire aorta determined between L1 and L5 (B). r ϭ 0.79, p Ͻ 0.001. BMI ϭ body mass index; BP ϭ blood pressure; BSA ϭ body surface area; HDL ϭ high-density lipoprotein; HR ϭ heart rate; LDL ϭ low-density lipoprotein; MAP ϭ mean arterial pressure.
subjects. However, when adjusted for body surface area, the difference between sexes was eliminated. Systolic diameter at each aortic level correlated positively with age (r ϭ 0.25 to 0.5, p Ͻ 0.001 for all levels). The greatest variation in aortic diameter as a function of age occurred in the ascending aorta, L1 (0.96 mm higher per decade), followed by L3 (0.85 mm higher per decade), L2 (0.78 mm higher per decade), L4 (0.64 mm higher per decade), and L5 (0.37 mm higher per decade, p Ͻ 0.001 for all levels) (Fig. 4A) . Because, theoretically, increasing diameter offsets the effect of higher wall stiffness on PWV, the wall stiffness was calculated using the Moens-Korteweg equation, assuming a constant wall thickness. Although wall thickness does increase with age, this is a very modest change, and this effect in our population was minimized by the inclusion of only healthy individuals. The impact of age on wall stiffness was very similar to that observed for aPWV, with the largest difference in the abdominal aorta and least in the proximal region (data not shown). Age-related variation in aortic length. The average regional aortic lengths from R1 to R4 were 108 Ϯ 21 mm, 116 Ϯ 19 mm, 79 Ϯ 13 mm, and 79 Ϯ 13 mm, respectively. The whole aorta was longer in older subjects (8 mm/decade, r ϭ 0.36, p Ͻ 0.001). This was entirely due to the longer length of the aortic arch (R1) (8 mm longer per decade, p Ͻ 0.001), as the other aortic segments remained constant with age (Fig. 4B) . This trend remained when aortic length was adjusted for height and for body surface area. Age-related variation in central blood pressure. As expected, the central systolic blood pressure and central pulse pressure were greater in older subjects (p Ͻ 0.001). Additionally, central systolic blood pressure and central pulse pressure were correlated with PWV-Total in all aortic regions (r ϭ 0.3 to 0.2, p Ͻ 0.001). Central systolic blood pressure was correlated with aortic diameter at all levels (r ϭ 0.3 to 0.2, p Ͻ 0.05). Repeatability and validation of PWV-MRI. There was good agreement between repeated values of PWV-MRI (mean difference 0.1 Ϯ 2.3 m/s), and the trends remained consistent across all aortic regions. Values of PWV-Total were strongly correlated and in good agreement with both PWV-tonometry, and PWV-cuff measurements (Fig. 5, Table 2 ). However, there was an offset between the measurements and overall PWV-Total was significantly lower than both PWV-tonometry and PWV-cuff mea- (Table 2) . When the data were reanalyzed to exclude the proximal segment of the aorta by calculating PWV-Total measured from L2 to L5, the mean value of PWV-Total was increased and the mean difference between devices was reduced, but remained significant. Moreover, the strong correlation with PWV-tonometry and PWV-cuff measurements remained (Table 2) . plots (B and D) .
D I S C U S S I O N
The main findings of the current study are that age differentially affects regional aortic stiffness. The greatest age-related difference in regional aPWV was observed in the distal aorta and the least in the aortic arch. Conversely, the greatest difference in systolic diameter and length between old and young subjects was seen in the aortic arch, which may, in part, be compensatory, maintaining capacitance in the face of increased wall stiffness. aPWV, usually assessed by surface measurements between the carotid and femoral sites increases exponentially with advancing age (2) . However, only limited data are available on regional differences within the aorta. O'Rourke et al. (10) reported a greater rate of stiffening in the distal aorta using invasive catheter measurements. In contrast, more recent studies using PC-MRI found that the greatest decrease in aortic distensibility and increase in PWV occurred in proximal aorta (11) (12) (13) .
In the current study, we used PWV as a measure of vessel stiffness. As expected, the stiffness of the whole aorta was greatest in older subjects, and the impact of age was most marked in those older than 50 years of age, in keeping with previous observations (2, 14) . In terms of regional stiffness, PWV in the abdominal aorta was 2.4-fold greater in the eighth compared with the third decade of life, but only a 1.9-fold greater in the aortic arch. This trend persisted even when analysis was restricted to subjects older than 50 years of age. Although these data disagree with previous data, our study is the largest MRI-based study to date to explore age-related differences in regional aortic stiffness and encompasses a much wider age range at a higher sampling rate than previous studies. In keeping with previous studies (12, (15) (16) (17) , and contrary to PWV, the greatest age-related differences in aortic diameter and length occurred in the proximal aorta. This dilation may help to offset the wall stiffening by maintaining the capacity of the aorta to store volume during systole. However, in the context of an increased vessel diameter, PWV may underestimate changes in intrinsic wall material stiffness. PWV is directly proportional to the square root of wall thickness and indirectly proportional to the square root of the radius. Therefore, any increase in diameter without a proportional increase in vessel wall thickness will offset an increase in PWV. We therefore determined the effect of aging on estimated wall stiffness calculated from the Moens-Korteweg equation and found a very similar pattern to that observed for PWV, with the largest increase in the abdominal aorta and least in the proximal region.
We found PC-MRI to be repeatable method for determining aPWV, in keeping with the findings of others (12, 18, 19) . Additionally, PWV-Total values were similar to those previously observed (12,20 -23) and were closely correlated with values of carotid-femoral PWV. Although PWV-Total was on average lower than both PWV-tonometry and PWV-cuff, this may be explained by 1 or a combination of factors. Surface measurements of carotidfemoral PWV require that path length be determined from anatomic landmarks on the body, which may overestimate the actual arterial path length, increasing the calculated PWV. Additionally, carotid-femoral PWV measurements include segments of the carotid, iliac, and femoral arteries, which are stiffer than the aorta (24,25). Therefore, the value of carotid-femoral PWV would be higher than that of the aorta itself. Measurements of carotid-femoral PWV also omit the aortic arch (26) . Therefore, we examined the impact of excluding this highly elastic region. As might be expected, this reduced the difference and improved the agreement with both PWV-tonometry and PWV-cuff. Because PWV in the proximal segment of the aorta showed the smallest association with an older age, in healthy individuals, ignoring the aortic arch in measuring carotid-femoral PWV may well be of little clinical importance, but the potential impact due to other risk factors needs to be addressed. One of the main hypotheses explaining aortic stiffening is related to fatigue fracture of the elastin fibers. This is likely to occur in the proximal aorta where these fibers are most prominent. However, it does not explain the greater PWV with advancing age observed in the abdominal aorta, which is made up of a much larger proportion of collagen and smooth muscle fibers (27, 28) . Stiffening in this distal segment may be caused by localized calcium deposition, which has previously been reported in this region and is strongly correlated with increasing aPWV (4) . This may also be of particular significance as abdominal aortic calcium deposits have been linked with the presence of calcified plaques in the coronary arteries (29) and independently predict cardiovascular morbidity and mortality (30) . Therefore, targeting therapeutic strategies to the abdominal region of the aorta may be useful in slowing the process of aortic stiffening and have an impact in reducing overall cardiovascular risk. Study limitations. One limitation to the present study is its cross-sectional design, and further longitudinal studies are desirable to confirm which aortic region truly stiffens most with age. Moreover, given that the study population was composed of healthy individuals, further studies in subjects with underlying disease and increased cardiovascular risk are also desirable to determine the pathophysiological influence on the changes in regional aortic stiffness. In addition, although measurements of regional PWV-MRI were repeatable, the SD of the values was somewhat wide. This in part may be explained by day-to-day variations in confounding factors such as blood pressure and heart rate, which are likely to have been different as measurements were taken across 2 visits on separate days at varying times. Finally, we were unable to calculate distensibility because the PC-MRI sequence that we used was suboptimal to measure diastolic diameter accurately.
Overall, PWV measured with PC-MRI correlates well with carotid-femoral PWV and is repeatable, establishing it as a useful tool for assessing regional aortic stiffening. The largest age-related difference in PWV was seen in the abdominal aorta, whereas the greatest difference in systolic diameter and length occurred in the proximal aorta. The latter may help to offset an increase in wall stiffness and maintain capacitance in this region.
